The geometries of 1-naphthol-(piperidine) n (1-NpOH-(Pip) n ) (n = 0-3) clusters have been calculated by using density functional theory (DFT) and time-dependent density functional theory (TD-DFT) methods to investigate excited-state proton transfer (ESPT) in the low-lying singlet excited states, L a and L b . For the n = 1 cluster, no PT structure was found in L b and L a as well as the ground state, S 0 . For n = 2, optically accessible L b from S 0 shows the PT structure. We therefore concluded that the threshold size of ESPT is n = 2, which is consistent with previous experimental results. ESPT in 1-NpOH-(Pip) n is simply triggered by optical excitation to L b . It is essentially different from the 1-NpOH-(NH 3 ) n cluster in which an internal conversion process is required to promote ESPT. From the calculated structures, the importance of the solvation of the π-ring is strongly suggested rather than the proton affinity in ESPT.
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Introduction
The proton transfer reaction along the hydrogen-bond is one of the most important reactions in chemistry and biology. Particularly the excited-state proton transfer (ESPT) reaction attracts many researchers 1-5 because it can be controllable by photoexcitation. For phenol, ESPT was expected both in solution and solvated clusters; however, it was found that the H atom was moved to the solvent moiety (ESHT) instead of the proton, at least in solvated clusters. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] For naphthol (NpOH),
ESPT was found in aqueous solution by visible emission after UV excitation, 19, 20 and its solvent effect and relation to the level crossing dynamics were extensively studied by an ultrafast spectroscopy. The origin of the visible emission was interpreted as being the formation of an anion such as NpO -; thus, this emission was interpreted as involving the release of a proton in the excited state. Such a proton release corresponds to an increase of the acidity, and thus the pK a values of 1-NpOH were assumed to decrease by S 1 ←S 0 excitation, such as 9.1 (S 0 ) to 0.5 (S 1 ) in 1-NpOH.
Considering the drastic decrease of pK a by photoexcitation, naphthols and related molecules including phenols are called photoacids. However, further detailed mechanics of ESPT, such as the effect of the orientation and the relation to the electronic states, has not been revealed in any spectroscopic study in solution.
A molecular cluster generated in a supersonic jet enables us to study chemical reactions with well-defined initial states. The number of molecules in a cluster can be specified and their orientations are fixed in the cluster. Various laser spectroscopies have been applied solvated clusters in order to elucidate the mechanism of ESPT at the molecular level. For example, ESPT and related phenomena have been examined for phenol-(H 2 O) n /(NH 3 ) n , 1-NpOH-(H 2 O) n /(NH 3 ) n /(piperidine) n , 2-NpOH-(H 2 O) n /(NH 3 ) n , hydroxyquinoline-(NH 3 ) n , 7-azaindole-(NH 3 ) n and other systems by laser-induced fluorescence (LIF), dispersed fluorescence, resonant enhanced multiphoton ionization (REMPI), ion dip IR spectroscopy, time-resolved pump-probe experiments, picosecond time-resolved IR dip spectroscopy, and so forth. It has been found that ESPT takes place in small 1-NpOH clusters with strong bases (ammonia and piperidine). [47] [48] [49] ESPT in 1-naphthol-(piperidine) n (1-NpOH-(Pip) n ) has been investigated by using the same strategy as that for 1-NpOH-(NH 3 ) n clusters. These 1-NpOH-(Pip) n clusters are important because they require only fewer solvent molecules than 1-NpOH-(NH 3 ) n clusters to promote ESPT, due to its higher basicity. Thus, they have been considered to be one of the prototype systems for ESPT.
The first evidence of ESPT in 1-NpOH-(Pip) n clusters was found in dispersed fluorescence spectra. 47 The n = 2 cluster shows a broad, strongly red-shifted spectrum, which is close to the spectrum of NpO -in a basic solution. 47 Cheshnovsky and Leutwyler concluded that the minimum size necessary to promote ESPT is n = 2 for 1-NpOH-(Pip) n . Zewail's group also concluded that the minimum size is n = 2 based on the cluster size dependence on the lifetime.
26

Page 2 of 18 Physical Chemistry Chemical Physics
Physical Chemistry Chemical Physics Accepted Manuscript
Through various experimental studies, the ESPT mechanism in 1-NpOH clusters has often been discussed in terms of the two-step three-state model. The naphthalene ring has L a and L b electronic states, and L b is the lowest excited state in the monomer. 50 The polar L a state is stabilized by solvation and the energy order can be reversed. If the cluster is excited to the L b state by an optical transition, the internal conversion to L a (1st step) triggers proton transfer (2nd step).
Recent progress of computer technology and time-dependent density functional theory (TD-DFT) enable us to study structures, vibrations and chemical reactions in excited molecules at a sufficient level. We have studied the ESPT mechanism of 1-NpOH-(NH 3 ) n by applying TD-DFT at the M06-2X/cc-pVDZ level in the L b and L a states. The cluster size dependence of ESPT was investigated based on vertical transitions from the geometries that can be populated in molecular-beam experiments. For the n = 3 and 4 clusters, the proton-transferred geometries cannot be accessible without a significant geometrical rearrangement from the initially populated isomers. For the n = 5
clusters, the proton-transferred structure is found in the L a excited state of the isomer that can be populated in the beam. Thus, ESPT is possible by an optically prepared L b state via internal conversion to L a . Therefore, the two-step three-state model is confirmed, and the threshold cluster size of ESPT is concluded to be n = 5 under the experimental condition of low excess energy.
To establish the ESPT mechanism, another benchmark system of ESPT has to be studied based on theoretical calculations. Here, we applied the TD-DFT methods to 1-NpOH-(Pip) n , and revealed the ESPT mechanism in terms of the structures and electronic states with restriction of the optical transitions. Surprisingly, our theoretical analysis shows that 1-NpOH-(Pip) n does not follow the two-step three-state model, and thus a simpler mechanism is concluded. A structural analysis suggests that solvation of the π-ring is important in ESPT.
Methods
Molecular structures of 1-NpOH-(Pip) n (n = 0-3) in S 0 were optimized by using the DFT method. The M06-2X/cc-pVTZ level of approximation was used in the geometry optimization. The initial geometries were generated based on the smaller cluster by adding a piperidine molecule to the possible hydrogen-bonding sites. Since these clusters are relatively small, we can pick up NpOH molecule is the trans-form in IIb and IIc, while it is the cis-form in IIe. In the structure IIf, 1-NpOH acts not only as a proton donor, but also as a proton acceptor, where no interaction is found between two piperidine molecules. IIa is the most stable, and the relative energies to IIb-IIf are 1.7, 2.78, 2.83, 3.5 and 6.2 kcal/mol, respectively. The population will thereby be concentrated to structure IIa in a molecular beam.
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In the L b excited state, IIa Lb holds the chain structure, however the proton in NpOH is transferred to the piperidine moiety (PT-type). It is the most stable structure as well as in S 0 , and the energy difference becomes larger. The second stable structure is IIb Lb but its unstability is enhanced from 1.7 kcal/mol in S 0 to 3.2 kcal/mol in L b . Similarly, in the L a state, IIa La has the PTtype structure, which is the most stable one. The relative energy differences to other structures are enhanced by three times. The second stable IIb La is now 9.7 kcal/mol more unstable than IIa La . In the L b state, the naphtholic proton in the most stable structure, IIa Lb , locates 1.522 Å from the oxygen atom, and forms piperidine-H + . In the other structures, since the proton in naphtholic OH is still close to the 1-NpOH molecule, no ESPT is found. On the other hand, the naphtholic proton in the most stable structure in the L a state (IIa La ) locates at 1.663 Å from the oxygen atom, and also IIIc is a structure in which the third piperidine molecule is bound to the IIa structure from the opposite side of the two-membered piperidine moiety to the O atom in 1-NpOH. It is 4.0 kcal/mol less stable than IIIa. In IIId, piperidine molecules locate at both sides of 1-NpOH, likely to IIIc, but 1-NpOH has the trans-form. It is less stable than IIIa by 4.6 kcal/mol. In IIIc, the NH bond in piperidine interacts with an aromatic ring of 1-NpOH, while the CH bond locates toward the π-ring in IIId. Complex IIIe is a bifurcated structure where a three-membered piperidine chain is bound to 1-NpOH through a single H-bond of the central piperidine molecule. The energy for IIIe is 8.5 kcal/mol less stable relative to IIIa. Regarding structure IIIf, 1-NpOH acts as a proton donor for the first piperidine, and piperidine dimer is bound to the first piperidine by a van der Waals interaction.
The energy for IIIf is higher than that of IIIa by 9.81 kcal/mol. The other two isomers, IIIg and IIIh, have chain H-bond structures in piperidine moieties, but CH bonds also participate in the network of these isomers. The energies of both isomers are 9.84 kcal/mol higher than that of IIIa. 
B. Mechanism of ESPT
We have elucidated the energy relationship in each of the S 0 -, L b -and L a -optimized geometries for 1-NpOH-(Pip) n (n = 0-3). In this section, we consider the ESPT mechanism and the relation to the observed photochemical reactivity. It is necessary to calculate the vertical transition energies from S 0 to the electronic excited states when we will discuss the observed size dependence of ESPT. In the S 0 state, the population is thought to distribute to Ia and Ib, because the second stable species, Ib, is only 0.7 kcal/mol unstable from Ia. It was not discussed in previous experimental reports; 48, 53 however, the reported REMPI spectrum presents complicated vibronic structures, and thus the coexistence of two species would not be surprising. We thus consider the excitation of both Ia and Ib. The vertical transitions from Ia and Ib prepare the non-PT L b states. The optimized structures of L b are more stable than that of L a in both isomers. Therefore, the excited cluster will stay in L b , and no PT will be expected in this geometry. Regarding Ic isomers, proton-transferred
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structures were not found in any state, and thus no ESPT is expected for n = 1. This is consistent with the experimental results. Fig. 4(b) shows the energies of the S 0 , L b and L a states in the n = 2 clusters. The clusters will be populated in IIa for S 0 , because the second stable species, IIb, is 1.7 kcal/mol more unstable than IIa. The vertical transition from IIa in S 0 will prepare the L b state. Because the L b state has the PT structure, the optical transition immediately induces PT. The L a state is slightly more unstable than L b in L b -opt; however, it is significantly stabilized when the geometries are optimized for the L a state. Thus, the photoexcitation of IIa finally produces the L a state, which has also the PT geometry. This is consistent with the experimentally proposed size-dependence n=2. It should be noted that the PT structures are found only in the IIa isomer.
Similarly to the n = 2 clusters, the ground state population is limited to the most stable isomer, IIIa, in the n = 3 clusters, because the second most stable species is 1.9 kcal/mol unstable (see Fig.   4 (c)). The PT structures are found in both the L b and L a states of isomers IIIa and IIIc and in the L a state of isomer IIId. The vertical excitation of IIIa will produce the L b state, which has the PT geometry. This means that the photoexcitation directly triggers PT. The energy of the L a state is more stable than L b in the L a -optimized geometries, and thus finally the photoexcited IIIa cluster will be in the L a state, which has the PT structure. Although no experimental result has been reported, the calculated results predict ESPT in the n = 3 clusters as well as n = 2.
We have found from theoretical calculations that the threshold size of ESPT for 1-NpOH-(Pip) n is n = 2, regardless of the excess energy in S 1 , whereas the threshold size of 1-NpOH-(NH 3 ) n is n = 5 under the low excess energy conditions. The ESPT mechanism in 1-NpOH-(NH 3 ) n clusters has been explained by the two-step three-state model. 54 1-NpOH has the L a and L b electronic states and L b is the lowest excited state in the monomer. In the n = 5 clusters, the L b state, which can be prepared by the optical transition from S 0 , has the non-PT structure, while the L a state has the PT structure. The polar L a state is stabilized more than that of L b by solvation, and the energy order is reversed. Thus internal conversion from L b to L a (1st step) triggers proton transfer (2nd step). On the contrary, for 1-NpOH-(Pip) n clusters, the L b state, itself, has the PT structure. Therefore, the electronic relaxation, i.e., the internal conversion, process is not needed in this case. We calculated the potential-energy curves in the S 0 , L b and L a states of the IIa isomer along the OH distance, and found that no barrier exist between the Franck-Condon region and the most stable PT structure in the excited states (see Fig. S1 in Supplementary Information). This fact demonstrates that the ESPT mechanism in 1-NpOH-piperidine clusters is essentially different from that in 1-NpOH-ammonia clusters. It should be noted that the effects of long-range solvent interactions must be taken into account when we extend the results to ESPT in a solution.
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Let us discuss the relation between the structures of the clusters and the proton transfer. 1-NpOH has two major binding motifs: the hydrogen-bond of the OH group and the dispersion / π hydrogen-bond from the aromatic ring. The structures of the clusters are determined by their balance. We focus on typical isomers of the PT structure (IIa) and the non-PT structure (IIb) in Fig.   2 . In the non-PT isomer (IIb), the solvent molecules are bound at the OH group, and form a cyclic hydrogen-bond network. This structure is mainly governed by the hydrogen-bond, and the interaction from the aromatic ring does not contribute very much. On the other hand, in the PT structure (IIa), the solvent molecules locate on the naphthalene ring. This structure suggests that both the hydrogen-bonding of the OH group and the dispersion / π hydrogen-bond from the aromatic ring stabilize isomer IIa. In the 0th-order approximation, the hydrogen-bond to the OH group forms a local network, which will not affect the electronic state very much. The interaction to the aromatic ring through the dispersion / π hydrogen bond would cause direct perturbations to the ππ* electronic excited states. In this sense, the solvation of the naphthalene ring is important on the PT reaction, rather than the local solvation of the OH group.
The interaction between the aromatic ring and the solvent molecules can be estimated based on the distance between them. The shortest distance, from the carbon atoms of the naphthalene ring to the hydrogen atoms of solvents, were measured in all of the calculated isomers in S 0 , L b and L a .
These are summarized in Table 1 . Here, numbers in italic means that the isomer has the PT structure, and the capital letter C or N represents the shortest distance is given by N-H or C-H bonds, respectively. As can be seen in the table, all of the PT isomers have shorter distances than that of the non-PT structures. Thus, the shortest distance can be a good parameter for the PT reaction. The threshold value of the PT reaction is 2.51 Å for the 1-NpOH-(Pip) n clusters. It is interesting that all of the PT structures show the shortest distance by N-H bonds.
The same analysis has been applied to the 1-NpOH-(NH 3 ) n clusters, of which the structures were calculated in previous work. 56 Table 2 summarizes the shortest distances in the isomers of the 1-NpOH-(NH 3 ) n (n = 3-5) clusters in S 0 , L b and L a . Again, the PT structures show smaller values of the shortest distance than those in the non-PT isomers. The threshold value, 2.52 Å, is very close to that in 1-NpOH-(Pip) n . Such consistent results strongly suggest that the shortest distance between the aromatic system and the solvent molecules can be a general indicator for the PT reaction. From these analyses, we would like to emphasize that solvation of the aromatic ring is essential for the PT reaction for hydroxyl aromatics systems.
Conclusions
We have discussed the size dependence of ESPT in 1-NpOH-(Pip) n clusters. We found 3, 6
and 8 stable isomers for the clusters of n = 1, 2 and 3. From the calculated relative energies in S 0 , the initial population was estimated. For n = 1, the population is distributed to isomers Ia and Ib.
For n = 2 and 3, the population is concentrated to the most stable isomer, IIa and IIIa, respectively.
Optical transitions from these initial isomers always produce the L b states. For the n = 1 clusters, the optimized structure of L b is more stable than that of L a in Ia and Ib. Thus, the excited cluster will stay in L b , and no ESPT will be expected in n = 1.
In the case of 1-NpOH-(Pip) 2 , the PT structure is found in both the L b and L a states of the initially populated isomer IIa. Thus, the vertical excitation of IIa will produce the L b state, which has the PT geometry. This means that the photoexcitation directly triggers PT. The energy of the L a state is more stable than L b in the L a -optimized geometry. Thus, finally the photoexcited IIa cluster will be in the L a state, which also has the PT structure. This situation is completely different from the case in 1-NpOH-(NH 3 ) n clusters, in which the PT mechanism is explained by the two-step three-state model, where PT is triggered by the internal conversion from L b to L a . The ESPT mechanism in n = 3 is the same as that in n = 2. Therefore, we concluded that the threshold size of ESPT is n = 2 in 1-NpOH-(Pip) n . These theoretical conclusions are consistent with the experimental results.
It is also found that the shortest distance between the naphthalene ring and the solvents is a good indicator of the ESPT reaction. The threshold values of the PT reaction are 2.51 and 2.52 Å for the 1-NpOH-(Pip) n and 1-NpOH-(NH 3 ) n clusters, respectively. Usually the PT activity has been discussed in terms of the proton affinity of the solvent moiety. The proton affinity of ammonia is 208 kcal/mol, while that of piperidine is 228 kcal/mol. Thus, the smaller threshold size of 1-NpOH-(Pip) n appears to be consistent with the general understanding based on proton affinity. However, our calculations reveal that PT strongly depends on the structure of the cluster, and even in clusters having the same number of solvents, the ESPT does not take place in all clusters. This suggests that the solvation of the π-ring system is an essential key for the ESPT reaction, rather than the proton affinity. Photoexcitation directly triggers proton transfer in 1-naphthol-(piperidine) n . This mechanism is essentially different from 1-naphthol-(NH 3 ) n in which the internal conversion process is required to promote excited-state proton transfer.
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